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ABSTRACT: Small heat shock proteins (sHSPs) are the ATP-independent molecular chaperones that prevent
protein aggregation in the cell by forming stable complexes with unfolded and misfolded proteins. Their distinctive
structural characteristics are their low molecular weight (from 14 to 43 kDa) and a tripartite domain architecture.
The highly conserved Alpha Crystallin Domain (ACD) plays a central role in the dimerization of sHSPs and acts as
the structural building block for oligomerization. The point mutations in the ACD of the human sHSPs that interfere
with the dimer integrity are linked to several diseases, including cataracts, desmin-related myopathy,
cardiomyopathy, and distal hereditary motor neuropathy. In the present study, we investigated the functional and
structural implications of amino acid changes at two putative dimer interface residues, L33 and Y34. These residues
are located on the B2 strand of 7pv HSP 14.3, which is implicated in ACD dimerization via strand exchange. Effects
of the substitutions were evaluated by performing chaperone assays using the client proteins pig heart Citrate
Synthase (phCS) and Alcohol Dehydrogenase (ADH) and through in silico molecular bond and structure analyses
of the wild type and generated mutant proteins. Our results indicated that an excess amount of WT and the mutant
proteins are required to maintain phCS activity to a level comparable to or even higher than the positive control. At
a lower substrate/sHSP ratio, the Y34F mutant protected the phCS activity more effectively than the WT and L33S
mutant SHSPs. Also, the Y34F mutant sHSP afforded the highest protection of ADH enzyme from heat inactivation.
It is likely that increased hydrophobicity by Y34F substitution contributed to the formation of a hydrophobic surface
that may capture aggregation-prone substrates. According to molecular bond analysis, the loss of intermolecular
hydrophobic interactions between leucine 33 on the 2 strand and tyrosine 77 and isoleucine 78 on the 36 strand can

be critical for the reduced structural/thermodynamic stability of the L33S mutant protein.
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1 INTRODUCTION

Small heat shock proteins (sHSPs) are the
ATP-independent molecular chaperones
that play essential roles in maintaining
protein homeostasis in the cells [1]. The
sHSPs are constitutively expressed to
prevent protein aggregation, and their
expression level is immediately induced
upon exposure to stress factors (e.g., heat,
oxidative, and pH stress) [2]. They form
stable complexes with denaturing proteins
and sequester them in a folding-competent
state. Substrate release and subsequent
refolding are achieved through the
participation of ATP-dependent chaperones
such as Hsp70 and Hsp100 [3]. The sHSPs
are present in three kingdoms of life and
some viruses. The low molecular weight
(i.e., 12 to 43 kDa) and a tripartite domain
architecture are their  characteristic
structural features [4]. The unique central
element a-crystallin domain (ACD) is
highly conserved and composed of seven to
eight B-sheets that adopt an
immunoglobulin fold. The ACD (consists
of 90-100 amino acids) is flanked by
variable and flexible N-terminal domain
(NTD) and C-terminal domain (CTD) [5].
The ACD plays an important role in the
dimerization of sHSP, and the ACD dimer
is the basic building unit for the subsequent

oligomerization of small heat shock
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proteins [6, 7]. There are two types of
defined dimerization modes. In non-
metazoans (archaeal, bacterial, yeast, and
plant), a symmetric dimer is formed by
strand exchange in the ACD of sHSPs so
that the B6 strand of one ACD interacts with
the B2 strand of the partnering ACD. In
metazoan sHSPs, the extended p6-B7
strands of the partnering ACDs are linked
through ionic and hydrophobic interactions
and hydrogen bonds, leading to the
formation of the ACD dimer [8, 9]. Starting
from the ACD dimer, the formation of
higher-order oligomers (12 to > 48
subunits) involves a hierarchy of
interactions by the participation of NTE and
CTE elements [10, 11]. The highly
polydisperse oligomeric forms of sHSPs are
dynamic and can dissociate into smaller
species, predominantly dimers, as a
response to changes in conditions such as
temperature and pH or modifications such
as phosphorylation. This dynamic feature is
crucial for the chaperone function of sHSPs
[12].

The interaction between the two sheets of
the ACD dimer is relatively weak, with a
dissociation constant in the order of a few
micromolar [13]. There are several reports
indicating that disruption of the dimer
interface in human sHSPs by mutations,
which are diseases associated, had

significant effects on the structure and
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function of the sHSPs by blocking subunit
exchange [14]. Among such mutations,
there are cataract associated R116C
mutation of aA-crystallin, desmin related
myopathy and cardiomyopathy associated
R120G mutation of aB-crystallin, and distal
hereditary motor neuropathy related K141E
mutation of HSP22 [14—18]. The equivalent
of these residues is arginine 107 in the
archaea Methanocaldococcus jannaschii
(Mj) Hsp 16.5, and the R107G substitution
resulted in the formation of larger and more
polydisperse oligomers than the wild type
MjHsp16.5 [19]. Except this, there is not
any report on the investigation of the dimer
interface interactions by targeting specific
residues in archaeal sHSPs.

In this study, we aimed to fill the gaps in the
literature  concerning the role of
hydrophobicity in the dimer interface of
sHSPs. In our experiments, we specifically
targeted two residues, L33 and Y34, of the
Tpv HSP 14.3, which are predicted as
putative interface residues by the NCBI
Conserved Domain Database search. These
residues are located on the B2 strand, which
is directly involved in dimerization by
interconnecting with the 6 loop. The
hydrophobicity of the dimer interface was
altered by site-specific mutagenesis.
Chaperone activity assays and in silico
molecular bond and structure analyses of

the wild type and mutant proteins were
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performed in comparison with the wild

types.

2 MATERIAL AND METHOD

2.1 Recombinant Plasmid
Construction
The recombinant 7pv HSP 14.3 gene

encoding Hsp20/alpha crystallin family
protein (locus name TVG RS04180,
sequences 790978..791352 ) of
Thermoplasma volcanium [20] was cloned
into the expression vector pET2la (+)
(Novagen, Madison, WI) following the Kit
protocol. The 7pv HSP 14.3 gene from the
plasmid pDrive-tpv14.3 was amplified by
PCR (Gene Cycler, Techne Inc., NJ, USA)
using  the
TGAGCATATGTATACACCCATAAAG
TTCTTTACG-3") with Ndel recognition

forward  primer  (5'-

sitt and the reverse primer (5'-
TGAGGGATCCCACCCAATCACATCA
AGCATAC-3") with BamHI recognition
site. After purification (QIAquick Gel
Extraction Kit, QIAGEN Inc., Valencia,
USA), the amplified gene was introduced
into the expression vector pET21a (+) at
Ndel and BamHI sites using DNA Ligation
Kit (Novagen, Madison, WI). Putative
recombinant plasmids were transferred into
chemically competent E.coli BL21 (DE3)
cells (New England Biolabs, Ipswich,
Massachusetts) by transformation. The

sequences of the plasmids from selected
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recombinant clones were confirmed by
DNA sequencing (Oligomer Company,
Ankara, Tiirkiye). One of the verified
expression constructs carrying the 7pv HSP
14.3 gene was named pET21 tvsHSP2 and
transformed into E.coli BL21 (DE3) cells
(New  England  Biolabs, Ipswich,
Massachusetts) for expression of the wild

type sHSP.

2.2 Site-Directed Mutagenesis
Single amino acid substitution (L33S and

Y34F ) mutants of the 7pv HSP 14.3 were
generated by PCR-mediated mutagenesis
using Quick-Change 1II  Site-Directed
Mutagenesis Kit (Agilent Technologies Inc.
Santa Clara, California, USA). The
mutagenic oligonucleotide primer pairs that
were designed according to Kit’s
instructions are given in Table 1. The
recombinant plasmid pET21 tvsHSP2 with
cloned 7pv HSP 14.3 gene was used as the
template in the mutagenesis experiments.
The mutations were verified by DNA
sequencing (Genscript Biotech, Piscataway,
New Jersey, USA). For high efficiency
protein  expression, mutant plasmid
constructs were transformed into competent

Escherichia coli BL21(DE3) cells.
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Table 1. List of the mutagenic
oligonucleotide forward (f) and reverse (1)
primers

Sequence of  the Mutagenic

Mutation Oligonucleotide Primers

L33S-f 5’-cca ccagtcacgtea tat caa gat age-3’
L33S-r

5
Y34F-f 5’-cca ccagtcacgttatttcaa gat age tct-3’
Y34F-r 5

’-ctatcttgatatgacgtgactggtgg-3’

’-agagctatcttgaaataacgtgactggtgg-3’

2.3 Protein Expression and
Purification
The cell lysates were prepared mainly

according to the pET System Manual
Instructions. Overnight cultures of wild
type and mutant E.coli BL21(DE3) strains
were grown at 37°C in Luria-Bertani (LB)
medium containing ampicillin (100 pg/mL)
with vigorous shaking to an ODeoo of 0.5-
0.7. Overexpression was induced by adding
isopropyl thio-B-D-galactoside (IPTG) to a
final concentration of 1 mM. The growth
was continued for 4-5 hours before cells
were harvested by centrifugation at 5000 x
g for 20 min at 4°C (JOUAN SA, Herblain-
France). The cell pellet was resuspended in
10 mL lysis buffer (25 mM Tris, | mM
EDTA, 30 mM NaCl pH 7.5). The cells
were broken by sonication (Sonics and
Materials, USA), and supernatants of the
lysates were obtained by centrifugation at
20000 xg for 20 min at 4°C (Sigma 3K30
Centrifuge, Sigma Chemical Co., USA).
The supernatant fraction containing soluble

sHSP was heated between 60°C and 80°C
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to investigate the expressed protein's heat
stability. The denatured protein was
removed by centrifugation at 12000 xg for
1 hour at 4°C. The cleared lysate was stored
at -20°C until use.

SDS polyacrylamide gel electrophoresis
(SDS-PAGE) was used to analyze the
progress of the expression. For purification,
the soluble protein fractions were applied to
a pre-packed anion exchange HiTrap Q
column (Amersham Biosciences, U.S.A.),
connected to the AKTA prime HPLC
system (Amersham Biosciences, U.S.A.).
The bound proteins were eluted at a flow
rate of 5.0 mL/min with a linear gradient of
NaCl (0-1 M) in the start buffer (20 mM
Tris, pH 8.41). Peak fractions containing
Tpv HSP 14.3 as deduced by SDS-PAGE
gel and OD280 measurements (Picopet 01,
Picodrop Ltd. U.K.), were pooled,
concentrated, and desalted by
ultracentrifugation (Vivaspin 5 kDa cut-off,
Sartorius, Germany). Purity was checked by
SDS-PAGE.

2.4 Chaperone Activity Assays
Chaperone activities of the 7pv HSP 14.3

and mutant variants were characterized as
the ability to protect the client proteins pig
heart Citrate Synthase (phCS) (EC 4.1.3.7,
Sigma) and Alcohol Dehydrogenase (ADH)
(EC 1.1.1.1, Sigma) from heat-induced
inactivation, as described previously [20,

21].
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phCS heat protection assay was performed
by pre-incubating the enzyme at 47°C for
10 min in the presence or absence of the
sHSP. Then, the remaining CS activity was
measured at 35°C by continuously
monitoring the absorbance at 412 nm
(Shimadzu UV-1601A, Kyoto, Japan). The
protection effect of 7pv HSP 14.3 was
evaluated at three substrate/sHSP, w/w
ratios of 1:500, 1:250, and 1:147.

For the ADH heat protection assay, the
enzyme was pre-heated at 47°C for 20
minutes, with or without 7pv HSP 14.3
protein at an ADH/chaperone (w/w) ratio of
1:90. The ADH activity was measured by
continuously recording the rate of NAD™
reduction spectrophotometrically at 340 nm
[21].

Each experiment was repeated at least three
times. The data analysis and plotting of the
graphics were achieved by using GraphPad
Prism 9.0 software (GraphPad, USA).

2.5 Bioinformatics and 3-D Structure
Analysis
The multiple alignments (MSA) were

performed by the Clustal W Program in the

EMBL-EBI database

(https://www.ebi.ac.uk/Tools/msa/clustalo/
). The secondary structure features
incorporated into the MSA were obtained
by the Jalview [22]. Putative dimer interface
residues were predicted by Conserved

Domain Database (CCD) search (National
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Center for Biotechnology Information,
https://www.ncbi.nlm.nih.gov/cdd/).  The
homology model of the 7pv HSP 14.3 3-D
structure was generated by MODELLER

9.15 Ver server. Crystal structures of
Xanthomonas axonopodis (PDB entry
3GLA), Sulfolobus tokodaii (PDB entry
3AAC and 3VQM), and Deinococcus
radiodurans (PDB entry 4FEI) were used as
templates. Visualization, energy
minimization, and structure analyses of the
models were achieved using the UCSF
Chimera Program. The BIOVIA Discovery
Studio Visualizer (DSV) (Ver 4.5) was used
for the analysis of the weak molecular
interactions in the generated 3-D models.
Thermodynamic  stability analysis of
the Tpv HSP 14.3 proteins was performed
using the MUpro web server [23].

3 RESULT

3.1 Multi-Sequence Alignment of ACD
Sequences of 7pv HSP 14.3 and
Other Representative Archaeal
sHSPs

Multiple sequence alignment of the ACD

sequences of the archaeal sHSPs showed
that highly conserved residues were found
in the core alpha-crystallin domain
spanning residues L33-K114 in 7pv HSP
14.3. The similarity scores range from 52.7
% to 90.2 % within the total 82 amino acid
ACD sequence. The ACD is composed of
eight beta strands named from B2 to B9

(Figure 1). The residues we targeted for
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mutagenesis, L33 and Y34, are predicted as
two of the residues forming the monomer-
monomer interface. These amino acids
reside on the B2 strand, which is involved in
dimerization by interacting with the (6
strand of the partner monomer. The
equivalent residues at position 33 are all
hydrophobic residues i.e., methionine or
isoleucine. This may indicate the
importance of hydrophobicity at this
position and its possible involvement in
hydrophobic interaction in the dimer
interface. The tyrosine at position 34 is also
highly conserved, except the sHSPs of
hyperthermophilic archaea, Pyrococcus
furious and Thermococcus kodakarensis,
where F exists at the corresponding
position. The common feature of these

amino acids is their aromatic side chains.

3.2 Heat Stability of 7pv HSP 14.3 Wild
Type and ACD Mutants
Before and after heating, when the cell

lysates of the wild type (WT) and mutant
Tpv HSP 14.3 proteins were separated into
soluble and insoluble (pellet) fractions by
centrifugation and analyzed by SDS PAGE,
a significant amount of all sHSPs was
recovered in the soluble fraction (Figure 2,
Lanel). However, the sHSP was absent in
the cell lysate of the E.coli BL21(DE3) cells
without 7pv HSP 14.3 plasmid (negative
control), since the sHSP-specific band was

not detected on the gel. These results
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Figure 1. Multiple sequence alignment of alpha crystallin domain of 7pv HSP 14.3 with the
sHSPs from other archaea. The species names and accession number of their sHSPs are: Tvo;
Thermoplasma volcanium (CBY78065.1: GSS1), Tac; Thermoplasma acidophilum
(CAC11993.1: DSM 1728), Fac; Ferroplasma acidiphilum (ARD84221.1:Y), Pto; Picrophilus
torridus (AAT43324: DSM 9790), Sto; Sulfurisphaera tokodaii (WP_010979712.1: Str.7 ),
Sso; Saccharolobus solfataricus (WP_009989320.1: P2), Sme; Sulfuracidifex metallicus
(WP _054838418.1, DSM 6482), Pfu; Pyrococcus furiosus (AAF71367.1: DSM 3638), Tko;
Thermococcus kodakarensis (WP_048053707.1: KODI1). Highly conserved residues are
shaded by dark blue. Secondary structural features of the ACD are indicated below the

alignment. The B strands from 2 through B9 are underlined by green arrows.

indicated the successful expression of
recombinant WT and mutant proteins and
the effectiveness of the IPTG induction for
overexpression (Figure 2b). The L33S and
Y34F substitutions produced mutant
proteins, which are stable at temperatures
up to 70°C (Figure 2b and 2¢). Above this
temperature (80°C), the sHSP bands,
particularly that of the L33S protein, were
hardly detectable in the cell lysates of the

mutant proteins.

3.3 Functional Characterization of the
Tpv HSP 14.3 WT and Mutant
Proteins

To assess the chaperone functions of sHSP

proteins, the WT and mutant proteins were

compared for their ability to protect the
client proteins phCS and ADH from
denaturation during heating at 47°C as
described in the Material and Methods.

Our results showed that when heated in the
absence of sHSP, the phCS activity
decreased about 11-fold, so that only 8% of
the activity could be recovered (Figure 3).
Heat protection efficiency of the WT and
mutant sHSPs appeared to be concentration
dependent, increasing with increased
substrate/sHSP w/w ratio. At a 1:147
CS/sHSP (w/w) ratio, all sHSP variants
provided almost equal protection of the

phCS activity from heat inactivation. Only
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MINC 2 3 4

14.317 kDa of
<+~ IpvHSP143
Y34F mutant

«— 14307 kDa of
Tpv HSP 14.3
L33S mutant

14.3 kDa of Tpy
HSP143 WT

Figure 2. SDS PAGE analysis of wild type 7pv HSP 14.3 and its variants before and after heat
treatment. a) WT Tpv HSP 14.3 b) L33S 7pv HSP 14.3 ¢) Y34F Tpv HSP 14.3 M: Page Ruler Pre-
Stained Protein Ladder (SM0671, Fermentas). NC: Negative Control. Lane 1: Cell free extract of
the 7pv HSP 14.3 before heat treatment (BH), Lane 2-4: Heat treatment at 60°C, 70°C, and 80°C,

respectively.

~ 30% protection of CS activity could be 1oq . . st ot
supported at this substrate/sHSP ratio. At £ T ' : |t Gontel
the 1:250 phCS/sHSP (w/w) ratio, the WT EE : s : . iii

and L33S mutant sHSPs achieved ~50% s ol : :

protection of the CS enzyme activity, while * e é $3: 333 333

Y 34F supported relatively higher protection % % % % % % % E %

(~67%). At the 1:500 CS/ SHSP (w/w) ratio, 58§ $8§ 388

the WT sHSP fully protected the CS Figure 3. Effect of 7pv HSP 14.3 wild type
activity. Remarkably, at the same and its mutants on the prevention of CS from
substrate/sHSP ratio, L33S and Y34F thermal inactivation at different CS/sHSP

mutants afforded a notable increase ratios (w/w). After heating at 47°C for 10 min,

(additional 8 to 9 % protection) in the CS the remaining activity was assessed by

activity as compared to WT sHSP continuously monitoring absorbance at 412

These results indicated that an excess nm. The initial rate of the reaction was

. calculated as the slope of the increase in
amount of WT and the mutant proteins are P

. . .. absorption. PC: Positive Control, activi
required to maintain CS activity to a level P K4

) measured before heat treatment. NC:
comparable to or even higher than the PC.

) Negative Control, remaining activity after
At lower substrate/sHSP ratio, Y34F sHSP

. _ heat treatment without the presence of a
protected the CS activity more effectively

than the WT and L33S mutant sHSPs.

chaperone. The presented data represent mean
values with standard deviation (at the top of
each bar) based on a minimum of three

independent experiments.
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To extend our investigation of the capacity
of Tpv HSP 14.3 wild type and mutant
variant proteins to protect the substrate
proteins from heat, we have tested their
chaperone activities against thermal
inactivation of the ADH enzyme at a 1/90
substrate/ sHSP (w/w) ratio. The enzyme
activity assay revealed that heating the
enzyme at 47°C for 20 minutes in the
absence of Tpv HSP 14.3 (negative control)
resulted in a dramatic decrease (~95%) in
the ADH activity (Figure 4). However, in
the presence of 7pv HSP 14.3 WT, 64% of
the ADH activity was recovered as
compared to the negative control. The
chaperone activities of the mutant sHSPs
were better than the WT sHSP and about
75% and 87 % of the initial ADH activity
was protected by L33S and Y34F mutant
sHSP, respectively.

Thus, it is evident from our experiments that
the Y34F mutant sHSP has a greater ability
compared with other sHSP wvariants to
protect the ADH and phCS from heat

Inactivation.

N
3
|
1 18.70
412.00
|—13.98
116.25

mAbs/min at 340 nm

| |
WT  L33S Y34F

°
& 1097

PC

Figure 4. ADH activity assay in the absence
and presence of 7pv HSP 14.3. The ADH
was heated at 47°C for 20 min in the
presence or absence of the chaperone. The
rate of reduction of NAD* was measured at
340 nm. The rate of the reaction was found
by analyzing the slope of the initial increase
in absorption. PC: Positive Control, activity
measured before heat treatment. NC:
Negative Control, remaining activity after
heat treatment without the presence of a
chaperone. The presented data represent
mean values with standard deviation (at the
top of each bar) based on a minimum of

three independent experiments.

3.4 3-D Structure Analysis of 7py HSP
14.3 and its Molecular Interactions
The 3-D structure of Thermoplasma

volcanium HSP 14.3 was generated by
homology modelling. The ACD of Tpv HSP
143 i1s like an immunoglobulin fold
consisting of two anti-parallel layers such
that B2, B3, B8, B9 form one layer and B4,
BS, and B7 together with a distinct 36 for the
other sheet. A large 6 loop protrudes from
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an additional B strand between B5 and B7,
which is absent in the ACD of vertebrate
sHSPs. This loop is positioned close to the
B2 strand of the adjacent monomer and
directly involved in ACD dimer formation
via strand exchange, which is typical for the
non-metazoan sHSPs [6]. This core ACD is
flanked by an N-terminal region that shows
an a-helical structure and an unstructured

C-terminal domain (Figure 5).

Figure 5. The model structure of 7pv HSP
14.3. Interacting monomers of the 7pv
HSP 14.3 dimer are shown as ribbon
diagrams (blue and pink). For clarity,
strands B2 to B9 are labeled for only one
monomer (colored blue). The L33 and Y34
residues are also indicated on the 32

strand.
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The changes in the hydrophobicity
characteristics of the ACD dimer surface by
amino acid substitutions could be
recognized by molecular surface analysis of
the 3-D model structures by the CHIMERA
program. This program colors the molecular
surface according to the hydrophobicity
amino acid, ranging from Dodger Blue to
red, representing the minimum and
maximum values on the Kyte-Doolittle
scale.

To wunderstand how the introduced
mutations affected the surface properties, 3-
D hydrophobicity surface models of 7Tpv
HSP 143 WT and the mutants were
generated. The L33S mutation at this
position changed color from red to blue,
signifying a reduction in surface
hydrophobicity by the introduction of the
polar residue serine for the very
hydrophobic leucine. On the other hand, the
replacement of the tyrosine at position 34
with the highly hydrophobic amino acid
phenylalanine enhanced surface
hydrophobicity relative to the WT, which is
evident from the blue-to-red transition at

this position (Figure 6).
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Figure 6. Surface hydrophobicity analysis of 7pv HSP 14.3 and its ACD mutants. a) 7pv HSP

14.3 WT, b) L33S mutant, ¢c) Y34F mutant. The arrows show the locations of the targeted

mutations in which surface hydrophobicity is changed relative to the WT. Min and max values

are associated with bright blue and orange-red, respectively.

Comparative analysis of the
intra/intermolecular bonds after point
mutations was performed by the DSV
Program. As a result of the replacement of
the hydrophobic amino acid leucine with
the polar amino acid serine at position 33
(L33S) resulted in the loss of intramolecular
hydrophobic bonds of Leu33-Leu42 and the
intermolecular hydrophobic bonds of
Leu33-Ile78 and Tyr77-Leu33 (Table 2,
Figure 7). The intramolecular hydrogen
bonds of the monomers remained
unchanged in the L33S protein. Besides two

intermolecular hydrogen bonds that are

available in the WT sHSP, the L33S

mutation formed an additional one between
the nitrogen atom of Ile78 and the oxygen
atom of Ser33. Moreover, the decrease in
the hydrogen bond distance was
remarkable, particularly those involved in
intermolecular interactions (Table 2). On
the other hand, substituting tyrosine with
the highly hydrophobic phenylalanine at
position 34 by Y34F mutation did not result
in any apparent changes in the predicted
intramolecular hydrogen and
intramolecular hydrophobic interactions
(Figure 8). However, it caused alterations in

the distances between these bonds, as

indicated in Table 3.
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the WT sHSP

Hydrogen Bond in WT Distance Hydrophobic
interactions in WT
Intramolecular Interactions
B:LEU33:CA - B:VAL41:0 3,3591 A:LEU33 - A:LEU42
A:LEU33:CA - A:VAL41:0 3,35931 B:LEU33 - B:LEU42
Intermolecular Interactions
B:LEU33:N - A:ILE78:0 3,0712 A:LEU33 - B:ILE78
B:ILE78:N - A:LEU33:0 3,0231 A:ILE78 - B:LEU33
A:TYR77 - B:LEU33

Distance

4,6659
4,6663

5,1210
4,6994
5,4574

Hydrogen Bond in L33S Distance
Intramolecular Interactions
B:SER33:CA - B:VAL41:0 3,1639
A:SER33:CA - A:VAL41:0 3,1639
Intermolecular Interactions
B:SER33:N - A:ILE78:0 2,8393
B:ILE78:N - A:SER33:0 2,6742
A:ILE78:N - B:SER33:0 2,0301

Table 3. Intramolecular bond analysis of Y34F mutant sHSP as compared with the WT sHSP

Hydrogen Bond in WT Distance Hydrophobic Distance Hydrogen Bond in Y34F Distance Hydrophobic

interactions in WT
Intramolecular Interactions

B:TYR34:N- B:VAL41:0 3,12704  A:TYR34- A:VAL41 4,03417 B:PHE34:N-B:VAL41:0  3,0023 B:VALA41:CB- B:PHE34
B:VAL41:N- B:TYR34:0 2,98035  B:TYR34- B:VAL41 4,03407 B:VAL41:N-B:PHE34:0  3,0042 A:VAL41:CB- A:PHE34

interactions in Y34F

Intramolecular Interactions

A:TYR34:N- A:VAL41:0 3,12661 A:PHE34:N-A:VAL41:0  3,0017
A:VAL41:N- A:TYR34:0 2,97915 A:VAL41:N- A:PHE34:0  3,0049

Figure 7. Intra (a) and intermolecular (b) hydrophobic bonds of 7pv HSP 14.3 WT at residue

Leu33. Pink indicates the one monomer and blue indicates the partner monomer.
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Table 2. Intermolecular and intramolecular bond analysis of L33S mutant sHSP as compared with

Distance

3,8605
3,8610
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Figure 8. Intramolecular hydrophobic bonds of 7pv HSP 14.3 WT (a) and Y34F mutant (b) at

residue 34. Pink indicates the one monomer and blue indicates the partner monomer.

3.5 Thermodynamic Stability Analysis of
Tpv HSP 14.3 Mutants
The stability of proteins is a critical feature that

affects their proper functioning, activity, and
regulation. Protein thermodynamic stability is
quantified by AG, which is equal to the
difference between the free energy of folded
and unfolded states [24]. In order to predict the
thermodynamic stability of the mutant sHSPs,
we used the MUpro web server. When the
relative stability change (AAG), which is the
difference between the free energy of wild type
protein and mutant proteins, is positive, it
indicates that the mutation increases stability
and vice versa. The method relies on a

confidence score between -1 to 1. A score less

than 0 is attributed to the reduced stability after
mutation [23]. According to the MUpro
analysis, the thermodynamic stability of 7pv
HSP 14.3 ACD mutants decreased. The L33S
mutant (AAG=- 2.203) was apparently less
stable as compared to the Y34F mutant (AAG=
-0.41).

4 DISCUSSION

Identifying residues crucial for the ACD
dimerization has been documented so far
through crystallographic analysis of the sHSP
structures from a limited number of species
[11, 25-28]. Also, this issue has remained
poorly explored experimentally by

mutagenesis in archaeal sHSPs. Our research
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has focused on two putative interface residues,
L33 and Y34, located on the B2 strand of the
Tpv HSP 14.3, which is involved in ACD
dimerization via strand exchange, to
investigate the functional and structural
consequences of these targeted amino acid
substitutions.

Our results indicated that 7pv HSP 14.3 WT
and its two mutant variants, were unaffected
from exposure to high temperatures up to
70°C, as deduced by SDS-PAGE analysis.
Above this temperature, although there has
been a detectable decrease in the solubility of
the L33S mutant sHSP relative to WT sHSP, a
slight decrease in solubilization of the Y34F
mutant protein was observed. Further
assessment of the thermodynamic stability by
MUpro analysis also suggested that the decline
in the thermodynamic stability of the sHSP
protein was more pronounced with the L33 to
S exchange than with the Y34 to F substitution.
It was observed that each hydrogen bond
distance in L33S changed remarkably as
compared to the WT sHSP. As previously
reported, a change in hydrogen bond distance
may cause loss of thermodynamic stability as
well as aberrant folding and aggregation of the
proteins [29, 30]. In addition, the loss of
intermolecular  hydrophobic  interactions
between the Leu33 on the B2 strand and Tyr77
and I1e78 on the B6 loop of the ACD dimer
should also be critical for the reduced stability

of the L.33S mutant. Similarly, the Leu33-
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Tyr77 hydrophobic interaction in 7pv HSP
14.3 is equivalent to Ile47-Tyr96 inter-subunit
contact in the ACD of the MjHSP16.5 (from
Methanococcus jannaschii) and analysis of its
crystal structure suggested that this interaction
can be involved in the stabilization of the
MjHSP16.5 structure [25]. Thus, our result
also complements the previous reports that
proposed the hydrophobic interactions as the
critical factors contributing to the thermal
stability of thermophilic proteins [31].

The Y34F mutation did not alter hydrophobic
interactions, and the change in the bond
distances was not significant in the Y34F
mutant relative to the WT sHSP, as well.
Therefore, Y34 replacement by more
hydrophobic F did not produce a dramatic
effect on the solubility as well as the stability
of the sHSP protein. Also, it is likely that Y34
to F substitution produced newly exposed
hydrophobic surfaces on ACD, which could
act as substrate binding sites. At the high
chaperone concentrations (i.e., 1:500 w/w
substrate/sHSP ratio), both L33S and Y34F
mutants performed 9 to 10% higher protection
of the phCS activity as compared to positive
control. However, the L33S sHSP was less
efficient than the Y34F sHSP for protection of
ADH at 1:90 w/w substrate/chaperone ratio
and protection of the phCS at lower
concentrations (i.e., substrate/chaperone ratio
of 1:147) from heat inactivation. The greater

ability of Y34F compared with the L33S to
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protect these two substrates can be
hypothesized to arise from its increased
hydrophobicity that may contribute to forming
a hydrophobic surface. This result is
compatible with previously published data
suggesting that at higher temperatures,
elevated chaperone activity of the sHSPs is
mainly due to exposure of their buried
hydrophobic patches which can readily capture
aggregation-prone substrates [28, 32-34]. In
parallel to our findings in Drosophila
melanogaster Hsp27 and human CRYAB,
mutations that involve substitutions by
hydrophobic residues were found to be
associated with altered surface properties and
increased the chaperone activity [35, 36]. In
mouse CRYAB, hydrophobicity at position 68
(M68) (which is equivalent to the L33 of 7Tpv
HSP 14.3) was found to be important for
chaperone function. Increasing hydrophobicity
by replacing methionine with highly
hydrophobic amino acids (Ile or Val) improved
the chaperone activity, while decreasing
hydrophobicity with polar residue substitution
(Thr) reduced its activity [37].

In conclusion, this study sheds light on the dual
importance of hydrophobic interactions at the
dimer interface of 7py HSP 143  for
maintaining the structural/thermodynamic
stability and effectiveness of the chaperone
function. Our findings can contribute not only
to understanding the molecular mechanisms

behind sHSPs action but also to the affords for

Research Article

developing therapeutic strategies that target the
diseases that result from protein misfolding
and aggregation (e.g., cataract, Alzheimer's
Disease, Parkinson's Disease)[1, 38—40].
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